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Graphite  fibers  of  less  than  iO  microns  in  diameter  are  used  as  the  re¬ 
inforcing  agents  in  structural  epoxy  matrix  composite  materiais.  Their 
efficiency  in  reinforcing  is  determined  to  a  large  degree  by  their  degree 
of  bonding  to  the  epoxy.  Commercial  surface  treatments  maximize  this 
adhesion  without  quantifying  the  interaction.  The  purpose  of  this  work  has 
been  to  relate  the  surface  composition  of  commercial  treated  and  untreated 
fibers  to  the  "real"  fiber  surface  incorporated  in  composites.  Hercules  A  and 
HM  fibers,  treated  and  untreated,  have  been  studied  usinn  X-rav  photoel ect rnn  .. 
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spectroscopy  (XPS)  and  contact  angle  measurements  before  and  after  a  300“C 
vacuum  heat  treatment.  XPS  spectra  indicated  multiple  chemical  states  of 
carbon  and  oxygen  and  a  reduction  in  the  high  energy  binding  state  of  carbon 
on  the  treated  A  fiber  after  vacuum  heat  treatment.  Elemental  surface  con¬ 
centrations  have  been  calculated  using  corrected  XPS  peak  areas.  Contact  angles 
were  measured  on  these  same  fibers  using  a  micro-Wi Ihelmy  technique  which 
incorporated  eight  liquids  having  a  wide  range  of  polar  to  dispersive  free 
energy  ratios.  Determination  of  the  fiber  surface  free  energies  and  the 
proportions  due  to  polar  and  dispersive  components  was  made.  Good  correlation 
was  found  between  the  oxygen  concentration  as  measured  by  XPS  and  the  change 
in  polar/dispersive  ratios  for  the  fibers  with  surface  treatments. 


security  CLXSSiriClkTlON  or  this  PAOEf»T>»n  D«l>  Enlarid) 


FOREWORD 


This  technical  report  was  prepared  by  L.  T.  Drzal  of  the  Mechanics 
and  Surface  Interactions  Branch,  Materials  Laboratory,  Air  Force  Wright 
Aeronautical  Laboratories,  Wri ght-Patterson  AFB,  Ohio  ^5^33  under  Project 
2A19,  "Nonmetal  1 ic  and  Composite  Materials"  and  G.  E.  Hammer  of  Universal 
Energy  Systems,  Dayton,  Ohio  45^32,  under  contract  F336I 5"77~C-5040 ,  "Electron 
Spectroscopic  Studies  of  Surfaces  and  Interfaces  for  Adhesively  Bonded  Surface 


This  report  covers  work  published  in  Applications  of  Surface  Science 
4  (1980)  pp  340-355,  North-Hol land  Publishing  Company. 


Accession  For 

WTIS'  ’  (■TAatl"" 
TTl-'  TAi: 

Uiiannouncod 

Justification 


- 

Dlstrj  bution/ 

Av'i lability  Codes 
Avail  and/or 
t  i  Special 


TABLE  OF  CONTENTS 


section  page 

1.  INTRODUCTION  1 

2.  EXPERIMENTAL  2 

2.1  Graphite  Fibers  2 

2.2  XPS  Measurements  3 

2.3  Polar/Dispersive  Surface  Free  Energy  Analysis  3 

3.  RESULTS  AND  DISCUSSION  5 

3.1  XPS  of  Type  A  F‘t}ers  5 

3.2  XPS  of  HM  Fibers  10 

3.3  Polar/Dispersive  Free  Energy  Analysis  I3 

3.^  Relationship  Between  XPS  and  Surface  Energetics  14 

4.  CONCLUSIONS 

REFERENCES  16 


V 


LIST  OF  ILLUSTRATIONS 


FIGURE 


Schematic  diagram  of  the  micro-Wi Ihelmy  technique  for 
measuring  contact  angles  on  fibers. 


XPS  spectra  of  type  A  fibers  (a)  in  the  untreated  condition  6 
(AU)  and  (b)  after  surface  treatment  (AS).  Spectrometer 
resolution  was  k  eV. 


Oxygen  is  spectra  of  AS  fiber  (a)  after  300°C  V.T.  and 
(b)  in  the  "as  received"  state. 


Carbon  Is  spectra  of  AS  fiber  (a)  after  ySO^C  and  hydrogen 
treatment  (b)  after  bOO^C  vacuum  treatment  and  (c)  in  the 
"as  received"  state. 


XPS  spectra  of  type  HM  fibers  (a)  in  the  untreated 
condition  (HMU)  and  (b)  after  surface  treatment  (HMS) 
Spectrometer  resolution  was  ^  eV. 


Carbon  Is  spectra  for  (a)  type  AS  fibers  and  (b)  type  HMU  11 
fibers.  Spectrometer  resolution  was  1  eV. 

1  /2 

Typical  plots  of  W^/2y^  versus  (y^/Y^) fo*"  AU ,  AS ,  13 

HMU  and  HMS  fibers  in  the  "as  received"  states  and  the 
"best"  linear  regressio.  analysis  line  through  those  points. 


Plot  of  the  polar  compo.nent  of  graphite  fiber  surface 
free  energy  (y^)  versus  XPS  determined  oxygen  content 
for  all  graphite  fibers  and  treatments  studied. 


vi 


LIST  OF  TABLES 


TABLE  PAGE 

1  Surface  free  energy  components  of  reference  liquids  ^ 

used  for  contact  angle  determinations. 

2  Elemental  composition  of  graphite  fiber  surfaces  7 

determined  by  integration  of  XPS  peaks. 

3  Contact  angles  for  graphite  fiber  surfaces.  12 

^  Polar,  dispersive  and  total  surface  free  energy  of  ]k 

oranhite  fiber  surfaces. 


vi  i 


Applications  of  Surface  Science  4  (1980)  340-355 
IE.  Noith-Holland  Publishing  Company 


GRAPHITE  FIBER  SURFACE  ANALYSIS 
BY  X-RAY  PHOTOELECTRON  SPECTROSCOPY 
AND  POLAR/DISPERSIVE  FREE  ENERGY  ANALYSIS 

G.t.  HAMMER  * 

!  nivcrsal  Incrf!}  Sy^icnis,  Day  ion,  Ohio  4>4J2.  I  SA 

and 

E.T.  I)R/A1  * 

•l/»  /•(  »/•(  <■  Mawriah  /  ahoralory. 

\y>i}’/it-Pancrs>ni  Af  /i.  Ohio  4>4JJ.  t  SA 


Recciu'd  2h  Sopicinbor  1979 

Kt'vhcd  nunuHTipl  readved  23  October  1979 


(•r.iphilc  fibers  of  less  than  in  ^  in  diameter  arc  used  as  the  reinrofcnie  aeents  in  structural 
iiijtris  ctnnposite  materials.  Their  elfkieiKV  in  reinroiemi;  is  determined  to  a  larpe  de¬ 
cree  hs  their  deiiree  ni'  bondine  to  the  epoxy.  Commercial  surl'ace  treatments  tnaxiim/c  tins  ad- 
tiesidii  ithout  ijuaiitifs  iiie  the  interaction  The  purpfse  of  ihis  work  lias  been  to  relate  the  sur¬ 
face  composition  of  C4>miner  ;ial  treated  and  untreated  fibers  to  the  “real"  fibei  surface  incor¬ 
porated  in  ouiipositcs,  Hercules  A  and  IIM  libeis.  treated  ami  untreated,  have  been  studied  usin^ 
.\-fa>  ph-'toeledron  spectroscopy  tXPSi  and  contact  ancle  measurements  bef(»re  and  aftci  a 
3'!')  (  vauium  heat  Iieafinenl  XPS  spectra  imlnated  multiple  cluinival  slates  ol  carl'on  and 
osyeeii  and  a  ieiiu».(ion  in  the  hieh  cneiey  bimliiie  stale  of  carbon  on  tbc  treated  A  fihei  aftei 
vavuum  heal  ircainicnt,  1  Icincntal  surlace  conceniraiioiis  have  been  calculated  usin^  coriccled 
M’S  peak  areas  (  ontacl  angles  were  measured  on  these  same  fibers  usine  a  micro  W  ilhelms 
technique  which  incorporated  eieht  liquids  hasing  a  wide  range  of  pohn  to  dispersive  free  ener- 
^.’v  ratios.  Deieimmation  of  the  fiber  surl'ace  free  energies  and  the  prop4»rtions  <lue  to  polar  and 
dispersive  coinptinenls  was  made  (iood  correlation  was  found  between  tlieoxvgen  concentra¬ 
tion  as  measured  bv  .\PS  and  the  change  in  p»>lar/dispersi\e  latiivs  for  the  fibers  with  surface 
trealments. 


I .  Introdiictior 

Advanced  composite  materials  fal'ricalcd  witli  jnaphitc  lihei.s  and  polymeric  nu- 
trices  a.e  leliablc,  predictable  materials  used  as  strucUiial  cottiponents  m  uirciaft. 
Tbe  ability  of  these  composites  to  effectively  use  the  strength  and  sliftncss  of  iltcii 

'  Present  address;  (iiiodyejr  I  ire  and  Rubber  (  oiupaiiy.  Akron,  Ohio  44  t  H>,  I  SA 
*  To  whom  all  conesponderKe  should  be  addiessed. 
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graphilc  loiiiforciiig  t'lbers  depciuls  on  the  properties  of  tlie  matrix  material  and  the 
degree  of  boiiditig  between  fiber  and  matrix.  Many  studies  have  attempted  to  corre- 
lale  fiber  surface  properties  to  niecbamcal  properties  of  composites  but  they  have 
been  lor  the  most  part  unsuccessful  in  providing  a  basic  understanding  of  the  specif¬ 
ic  inlcraclions  that  occur  between  fiber  and  matrix  at  the  composite  interface.  X-ray 
ptiotoelectron  and  Auger  spectroscopic  analysis  of  graphite  fiber  surfaces  have  been 
made  and  have  noted  the  presence  of  surface  oxygen  on  graphite  fibers  1 1  .3).  Mea¬ 
surements  ot  this  type,  however,  are  made  on  well  prepared  samples  in  a  vacuum 
environment.  It  is  not  known  if  the  fiber  surface  species  are  added  during  surface 
ttcatnieiu  and  if  these  species  are  able  to  interact  with  the  composite  matrix  materi¬ 
al  alter  they  have  been  exposed  to  the  ambient  environment. 

Polar/dispersive  siirlace  free  energy  analysis  determined  througli  contact  angle 
iiieasurements  has  the  potential  lor  measuring  the  “effectiveness”  of  surface  groups. 
This  deterniiiiation  is  done  in  the  ambient  air  environment.  Contact  angles  for  a  se¬ 
ries  of  Ikpiids  of  known  polar  and  dispersive  free  energy  content  are  measured  gravi- 
mctncally  on  the  fibers  of  interest.  The  fiber  polar/dispersive  free  energy  compo¬ 
nents  are  determined  through  analysis  of  the  data  according  to  the  method  proposed 
by  Kaelhle  |4|, 

file  purpose  of  this  work  is  to  determine  the  change  in  surface  composition  of 
various  graphite  fibers  with  treatment  by  XPS  and  to  measure  the  corresponding 
cliangcs  in  the  [lolar/dispersive  nature  of  the  fiber  surfaces  through  contact  angle 
meastirement. 


2.  Experimental 

2.  /.  ( iraphite  fibers 

Two  graphite  fibers  were  chosen  for  this  study.  They  were  made  from  polyacryl- 
onitiile  based  fibers  using  standard  carbonization  and  graphitization  technit)ues. 
One  tiher  was  graphitized  at  approximately  1500  C  and  was  designated  as  a  type  A 
liber.  I  he  othei  was  graphitized  near  2b00°C  and  was  designated  as  a  type  MM  fiber. 
The  main  structural  elements  of  the  graphite  fibers  are  graphitic  ribbons  which  lie 
rotiglily  parallel  to  the  fiber  axis.  These  ribbons  are  formed  of  graphitic  crystallites 
which  increase  in  size  with  increasing  graphitization  temperature  (i.e.  13  graphitic 
layers  and  40  A  wide  for  1 500°C  H.T.T.  versus  20  layers  thick  by  70  A  wide  for 
2600'  C'  H.T.T.  material).  The  ribbons  undulate  and  twist  along  the  fiber  axis  and 
the  degree  of  alignment  varies  with  graphitization  temperature  such  that  the  type  A 
fiber  lias  graphitic  basal  planes,  edges  and  corners  comprising  the  fiber  surface  while 
the  more  graphitic  type  HM  fiber  has  a  surface  composed  mostly  of  graphitic  basal 
planes.  Detailed  discussions  of  graphite  fiber  morphology  are  available  in  the  litera¬ 
ture  |5 1 . 

I  he  fibers  studied  here  were  supplied  untreated  (U)  and  surface  treated  (S)  by 
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tiio  numiilacliiror  willi  tiis  piopnclary  prDic.ss  in  piniiuiU'  iii.iiii,\  .nil  r  >ii  ni  •  il' 
si'l  nt  lour  tiher^  ( AU.  A.S.  llMli  and  II.M.S)  server!  as  a  basis  Im  tins  slinlr  ami  pn  i 
vuletl  lopresentalives  id  praelieal  exlrenies  in  physical  pruperlies  aiul  siiil.iee  iie.ii 
nieiits. 


r.  J.  .\rs  niea\urc»u  nls 


7he  Xl’.S  sUiilics  oi  lliese  libeis  ueie  peiloiiiicrl  iiMiij;  a  l*li\sieai  I  le^  llo|,K^  In 
iliistries  morlel  double-pass  cylindrical  rnirior  analy/er  (CMA).  llieaiia- 

ly/er  was  used  iii  the  relarding  mode  with  pass  energies  coirespondiiig  lo  a  spcr 
trometcr  re.soliition  (twhni)  of  1 .  2  or  4  eV,  Initial  studies  on  the  t'ibei  s‘’as  received" 
were  performed  using  a  Mg  X-ray  anode;  this  was  replaced  by  an  aluminum  anode 
before  ihe  effects  td'  the  vacuum  heat  trealmenl  ol  the  fibers  were  studied,  and  so 
the  initial  studies  were  repeated  with  the  new  anode. 

Samples  for  the  XPS  studies  were  preparetl  by  cutting  a  large  miinbci  of  libeis  in 
a  length  of  ahotit  10  mm,  being  careful  to  avoid  handling  contamination,  and  placing 
them  in  a  nickel  holder  approximately  10  X  5  X  I  mm.  The  libers  were  then  held 
by  a  nickel  mask  which  fit  tightly  into  the  holder  over  the  liber  ends.  I'be  holdei 
was  then  fastened  to  a  standard  sample  carousel. 

The  vacuum  chamber  was  pumped  down  wtthout  baking  to  a  pressure  ol  I  X  1 0  '' 
Pa  before  taking  the  spectia. 


2  .1.  I’lilar/dis/HTsh’e  surface  free  ener^x  analysis 


Surface  energetic  analyses  of  the  graphite  libers  used  in  this  studs  ai.u  .U  . 
mtned  by  measuring  the  contact  angle  of  a  variety  of  liquids  havinc  kiMwn  poia, 
and  dispersive  components  of  their  total  suiface  Iree  energy  and  analy/ing  ihe  le 
suits  according  to  the  method  proposed  by  Kaelble  (4|. 

The  method  assumes  additivity  between  london  dispersion  7**  and  Keesom  pul.ii 


7’  being  equal  to  the  sum  of  the  polar  and  dispersive  coinponcnts 


yt  =  '>'1  +  y\’ 


<  I  I 


-yT  =  -v'’  a  .y'' 

>S  ys  ^ Ts 


1:1 


The  assumption  holds  for  low'  energy  solids  like  polymers  where  the  suilace  hee 
energy  under  ambient  atmospheric  conditions  is  practically  the  same  as  niulei  vacu 
urn.  It  is  assumed  that  this  holds  true  for  graphite  fibers  also  since  they  are  more 
similar  to  polymer  surfaces  than  the  high  energy  suifaces  where  this  assumption  is 
not  valid. 


'  Hercules  Inc..  Wilrninirtiin,  Delaware. 
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TIk'  wink  111  .kIIiosIoii  iK-rinoil  by 

ir  ^  -  y  I  (  I  +  1.1  IS  'I )  (  .3 ) 

Is  MilnuliROil  .irul  i'>  sitbsimiliiin  llie  ii-laljoiisliip  between  and  ibe  polar  and 
dispeisHt'  Li.iiiponenis  ol  the  solid  ot  interest  is  obtained 


wliuli  reairaiiyes  to 


ss'lk  ie  >1  .  y)',  yj’  are  known  for  the  liquids  used  to  contact  the  surface  of  interest 
(table  I  I  and  b,  the  contact  angle  is  measured.  A  plot  of  yj  ( I  +  cos  d)/2y'L  ver¬ 
sus  (y|'  yj’  )l  -  w  ill  >  leld  a  straight  litie  with  the  slope  and  intercept  providing  a  so¬ 
lution  to  y[!  and  v^’  toi  the  surface  of  interest. 

•Since  the  libers  ii.sed  in  tins  study  had  a  diameter  of  8  to  10  p.  optical  determi- 
nation  ot  the  contact  angle  was  not  feasible.  Instead,  gravimetric  determination  of 
the  coniact  angle  was  made  using  a  microbalance.  Fig.  I  shows  the  experimental  ap- 
paouus  which  has  been  used  befvsie  [bJ]. 

A  single  liber  caiefully  cut  and  handled  to  avoid  damage  or  contamination  was 
mounted  to  the  end  c't  a  small  nickel  w'ire  hook  with  a  cyanocrylaie adhesive. (Scan¬ 
ning  Auger  niicroprobe  analysis  of  (his  configuration  showed  no  migration  of  the 
adhesive  to  the  area  where  the  contact  angle  was  measured.)  The  fiber/hook  was 
then  suspended  on  the  arm  of  a  Calm  RG  microbalancc.  A  container  of  the  liquid 
to  be  used  foi  the  contact  angle  measurements  was  slowly  raised  to  the  fiber  tip.  At 
contact  the  microhalaiice  would  delect  a  change  in  force  due  to  the  wetting  of  the 


i.ii.l-  I 

Surfjcc  iuc  cMcr^>  owiiponcius  of  reference  liquids  used  for  contact  anjjle  determinations 


Liquid 


\\  j  t  e  r 

72.8 

kcrol 

64,0 

clfiylcne  ^lycul 

48.3 

polypropylene 
elycol  KM  201) 

.31.3 

l»*rniamide 

58.3 

n*he\;uiccane 

27.6 

inetliylene  iodide 

,50.8 

hrtiiTXMiaphtlialene 

44.6 

y[('iiJ/ni^) 

21.8 

51.0 

.34.0 

30.0 

29.3 

19,0 

24.5 

6.8 

32..3 

26.0 

27,6 

0 

48.4 

2.4 

44.6 

0 
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1-ig.  I.  Schematic  diagram  of  the  micro-Wilheliny  technique  for  measuring  contact  angles  (jii  fi¬ 
bers. 


fiber  by  t)ie  liquid.  The  iiquid  was  raised  an  additittnal  0.5  mm  tir  avoid  having  fiber 
end  effects  on  the  measurements.  This  force  was  recorded.  Between  five  and  ten  fi¬ 
bers  were  measured  for  each  liquid. 

The  measured  force  could  then  be  related  to  the  contact  angle  through  use  of 
equation: 

F  =  7Lrrt/  cos  8  ,  (6) 

wiiere  y  is  the  surface  free  energy  of  the  contacting  liquid.  J  is  rhe  diameter  ot 
circular  cross  section  fibers  and  8  is  the  contact  angle,  il.  the  fiber  diameter  was  de¬ 
termined  for  each  fiber  with  a  Vickers  ititage  splitting  eyepiece  at  -l.^OX  after  the 
wetting  experiments  were  conducted.  Only  one  liquid  was  contacted  with  each  fi 
ber  to  preclude  cross  contamination  or  artifactual  changes  itr  fiber  surface  chemis¬ 
try.  7l,  the  surface  free  energy  for  all  the  liquids  used  was  checked  m  the  laboratory 
and  the  liquids  were  stored  in  sealed  dispenser  bottles  in  the  same  constant  temper¬ 
ature  and  humidity  environment  (22°C  ±  1/2°,  SOVr  rh  ±  I'/?)  used  for  the  wetlirtg 
measurements.  Since  F,  y^^.  and  d  can  be  evaluated  independerrtly.  cos  8  can  be  eval¬ 
uated  from  eq.  (6). 


3.  Results  and  discussion 

3. 1.  XPS  of  type  A  fibers 

X-ray  photoelectron  spectroscopy  (XPS)  measurements  showed  that  the  surface 
compositions  of  type  A  fibers  were  quite  different  before  and  after  surface  treat- 
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inent.  Typical  photoelectron  spectra  over  a  kinetic  energy  range  from  100  eV  to 
1 100  eV  are  shown  in  fig.  2.  Clearly  the  surface  concentrations  of  oxygen  and  ni¬ 
trogen  are  higher  on  the  AS  fibers,  fig.  2b,  than  on  the  AU  fibers,  fig.  2a.  The  larger 
oxygen  concentration  on  the  AS  fibers  is  not  unexpected  as  these  fibers  have  been 
surface  Heated  with  an  oxidation  technique.  The  source  of  the  nitrogen  is  not  known 
precisely  but  its  presence  could  indicate  that  the  fibers  were  oxidized  in  nitric  acid. 
The  surface  sodium  concentration  is  unexpectedly  high  and  is  probably  due  to  re¬ 
sidual  impurities  left  in  the  PAN  precursor  after  spinning. 

The  carbon,  sodium,  oxygen  and  nitrogen  Is  photoelectron  peak  energies  and 
full  widths  at  lialf  niaxiinuiii  (fwhm)  were  measured  at  a  spectrometer  resolution  of 


l  ig.  2.  XPS  spectra  of  type  A  fibers  (a)  in  the  untreated  condition  (AU)  and  (b)  after  surface 
treatment  (AS).  Spectrometer  resolution  was  4  eV. 
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1  eV.  Ttic  carbon,  o.xy^’cn  aiul  sorliiiin  peak  eiicrpies  acreed  williiii  I  eV  lor  llie  loin 
sets  of  fibers  studied. 

Calculations  have  been  made  of  the  siitlacc  conceniralions  ol  oxygen,  mhogeii 
and  sodium  from  tbe  XI’S  data.  Cross  scctrons  were  taken  from  the  data  of  Scofield 
|S|.  A  scmi-qiiantitative  comparison  of  fiber  surface  com|)osltion  was  made  by 
measuring  tbe  peak  area  above  background,  coriecting  for  elemental  sensitivities 
and  norniali/ing.  Tbe  results  are  shown  in  table  2, 

Tbe  oxygcti  content  on  tbe  A  fiber  in  the  “as  icccived"  condition  increases  svilb 
surface  treatment  by  a  factor  of  two.  Tbe  nitrogen  content  likewise  increases  from 

2  to  7'/i.  Small  (^3'7f)  but  significant  amounts  of  sodium  are  present  on  tbe  fiber 
surface. 

Nitrogen  is  almost  always  present  on  PAN  based  graphite  fibers  that  have  been 
grapbiii/.ed  at  low  temperature.  Sources  of  nitrogen  could  be  residual  material  liom 
ineffective  grapbitization,  residual  impurities  left  in  tbe  fiber  from  tbe  spinning  op¬ 
eration  (e.g.  Na.SCN)  or  tbe  result  of  surface  treatment.  Tbe  nitrogen  peaksobserved 
here  on  both  the  AU  and  AS  fibers  were  within  0.4  eV  and  had  a  binding  energs  of 


Table  2 


Memenial  contposiiion  of  graphite  fiber  surfaces  determined  by  integration 

of  XI’S  peaks 

libers 

C 

O 

Na  N 

S 

“as  received" 

AU 

Sf 

9 

3  2 

AS 

70 

20 

4  7 

30lTC  V.T. 

AU 

79 

14 

6 

2 

AS 

72 

18 

6  3 

6no'’r  V.T. 

AS 

84 

7 

5  3 

1 

75(TC  V.T.  +  Hj 

AS 

94 

3 

1  1 

1 

“as  received" 

HMU 

95 

5 

HMS 

89 

9 

- 

300°r  V.T. 

MMU 

96 

4 

- 

- 

HMS 

97 

3 

- 
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aliDiit  400  eV.  Tliis  suggests  ni)  change  in  type  of  nitrngen  with  surface  trealmeiit. 
Afso  the  value  ol  400  eV  corresponds  to  T -N  or  to  ('  NII2  type  linkages  |I5), 
This  is  very  similar  to  the  nitrogen  photohne  detected  by  Barber  et  al,  (2).  Receirt- 
ly.  Thomas  and  Walker  (3|  have  also  described  nitrogen  on  the  surface  of  AS  graph¬ 
ite  fibers  but  have  attributed  the  spectra  as  characteristic  of  C  ()  N  type  linkages 
hut  neither  binding  energies  or  spectra  were  given  in  the  publication.  Hopfgarten  1 1  | 
has  detected  nitrogen  with  XI’S  on  similar  graphite  fibers  at  400  eV  but  did  not 
speculate  on  its  source. 

The  distribution  of  the  sodium  within  the  sampling  depth  of  the  spectrometer 
lor  these  fibers  was  determined  by  comparing  the  Na  2s  to  Na  Is  photoelectron  ra¬ 
tio.  The  2s  photoelectrons  have  a  kinetic  energy  of  1 190  eV  versus  180  eV  for  the 
Is  photoelectrons  and  therefore  an  escape  depth  two  and  one-half  times  greater. 
The  sodium  Is  to  2s  ratios  are  4.2  and  3.7  for  the  AU  fibers  and  2.0  and  1.8  for  the 
\S  fibers.  This  indicates  a  higher  surface  concentration  of  sodium  on  the  AU  fiber 
even  though  the  total  amount  detected  is  the  same  for  both  fibers. 

The  source  of  sodium  is  believed  to  be  residual  sodium-sulphur  salts  used  as  a 
coagulant  in  the  PAN  spinning  process.  Hopfgarten  [1 )  has  also  seen  these  species 
on  some  PAN  based  graphite  fibers  and  attributes  the  sodium  to  residual  sodium 
thiocyanate  used  in  the  PAN  polymerization.  Definitive  energy  assignments  were 
not  possible  here  because  of  the  low  signal  to  noise  ratio  attainable.  Bulk  X-ray  anal¬ 
ysis  has  shown  levels  of  sodium  for  these  fibers  of  1-2000  ppm  [9).  Although  bulk 
concentrations  of  this  level  would  not  be  expected  to  give  appreciable  surface  con¬ 
centrations,  evidence  of  these  compounds  and  their  tendency  to  migrate  under  time- 
temperature  conditions  is  provided  in  the  literature  (10). 

An  attempt  was  made  to  distinguish  between  physisorbed  oxygen  containing 
species  by  vacuum  treatment  for  12  h  a!  TOO^C.  This  treatment  was  not  conducted 
in  the  XPS  spectrometer  system  and  involved  air  and  moisture  exposure  prior  to 
XPS  analysis.  The  oxygen  concentration  for  the  AS  fiber  remained  about  the  same 
but  the  sodium  content  increased  (3  6%)  and  the  nitrogen  content  decreases 
(7  -  .Vf).  The  oxygen  content  on  the  AU  fiber  increased  with  this  treatment,  how¬ 
ever  leading  to  suspicions  that  the  air  and  moisture  exposure  after  300'’C  vacuum 
treatment  may  have  oxidized  a  greater  portion  of  this  fiber  surface.  Support  for  this 
mechanism  can  be  seen  in  fig.  3.  The  O  Is  peak  after  300°C  V.T.  (curve  a)  shows  an 
additional  shoulder  at  950  eV  not  present  in  the  “as  received”  state  (curve  b). 

The  stability  of  the  surface  species  was  investigated  by  treating  the  fibers  with 
high  temperature  vacuum  exposure.  One  sample  of  AS  fiber  was  treated  in  vacuum 
of  <  10^  ^  Torr  at  600'’r  for  I  h.  Another  sample  was  treated  on  vacuum  of  <  10“^ 
Torr  at  750°C  for  I  h  followed  by  exposure  to  hydrogen  at  750°C.  In  this  treatment 
the  amount  of  hydrogen  added  to  the  gas  phase  in  contact  with  the  fiber  at  750°C 
was  the  equivalent  of  one  monolayer  based  on  sample  size  and  surface  area.  The  re¬ 
action  products  resulting  from  this  exposure  as  determined  by  mass  spectrometric 
analysis  contained  significant  amounts  of  H2S  |l  1 ). 

XPS  analysis  of  the  AS  fiber  after  both  of  these  treatments  was  determined  and 
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f  ig.  3.  Oxygen  Is  spectra  of  AS  fiber  (a)  after  300 V.l .  and  (b)  in  the  "as  icscivid"  suic 

the  results  tabulated  in  table  2.  The  600°C  V.T.  retmived  over  halt  oi  the  siiifacc 
oxygen  groups  but  did  not  appreciably  affect  the  intensity  ol  N  or  S  photolincs 
Treatment  at  750°C  followed  by  hydrogen  reduction  did,  however,  greatly  reduce 
all  of  the  surface  species.  The  oxygen  level  was  reduced  to  about  three  percent  and 
the  sodium,  nitrogen  and  sulphur  were  reduced  to  the  one  percent  level. 
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Fig.  4,  Carbon  Is  spectra  of  AS  fiber  (a)  after  750°C  and  hydrogen  treatment  (b)  after  600°C 
vacuum  treatment  and  (c)  in  the  “as  received"  state. 
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Hipli  resolution  C  Is  spectra  sliow  that  the  removal  of  oxygen  species  with  treat¬ 
ment  IS  paralleled  by  a  narrowing  of  the  C  Is  peak  (fig.  4)  indicating  a  more  graph¬ 
itic  type  of  carbon  (121. 

XPS  of  HM  fibers 

Broad  scan  XPS  spectra  for  the  type  HMD  fibers  and  HMS  fibers  in  the  “as  re¬ 
ceived"  state  are  shown  in  fig.  5.  These  spectra  are  quite  different  than  the  spectra 
from  the  A  fibers  (fig.  2).  Oxygen  is  the  only  surface  species  detected  other  than 
carbr'ii  on  these  surfaces.  The  surface  treated  HMS  fiber  has  more  oxygen  than  the 
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Fig.  5.  XPS  spectra  of  type  HM  fibers  (a)  in  the  untreated  condition  (HMU)  and  (b)  after  sur¬ 
face  treatment  (HMS).  Spectrometer  resolution  was  4  eV. 
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iinin'iilccl  liher  vcisiis  5'?)  as  slmwii  in  labk-  J.  Niiiugcti.  sodinin  and  Milplnn 
art.'  iiiit  prosi'iit  prohahl^  due  In  llie  niiicli  liifiliei  {naphili/atiiin  lenipeialnie  eiven 
lliis  fiber  (i.c  ^  2fi00^('|  even  lliongli  the  l’A\  pieeiirstir  pnlyrnei  tva.s  llie  satne 

I  tie  earbtni  and  nvyyen  Is  pbi)tt)eleeln)n  peak  eiieipies  and  full  witlllis  at  ball 
jna.xiniurn  were  also  tiieastired  al  a  speelromctei  restiiiilitm  of  1  eV.  I  he  ^arbini  and 
i)xyj!en  peak  energies  from  the  dilteieni  libeis  were  within  0,2  eV  for  loibon  and 
0.5  eV  for  oxygen.  Ihe  fwhm  lor  earbtm  and  oxygen  were  measured  to  be  1 .0  eV 
anti  ,^.4  eV  respeetisely  I  he  twhni  ftii  tixygen  is  similai  to  that  from  the  AS  anti 
AU  libers,  but  the  iwhm  for  earbon  is  consitlcrably  nairowcr  than  that  Irom  the  AS 
and  Ai;  liheis  ( I  b  e\'  coinpaietl  to  2.25  cV).  fig.  (>.  I  his  lesull  is  not  unreasonalile 
as  the  higher  graphili/alion  leinperalurc  for  the  IlMSand  IIMU  libers  shouiti  result 
in  more  truly  giaphiiie  surfaces. 

flic  suilace  ctincentraiion  ol  oxygen  determined  on  Ihe  IIM  libers  in  the  "as  le- 
ceived"  Slate  (table  21  shows  that  the  siiriace  tieatineni  doubles  the  ossgeii  eoiuen- 


I- if.  6.  Carbon  Is  spectra  for  ta)  type  AS  libers  and  lb)  type  HMII  fibers.  .Speetrometer  resolu¬ 
tion  was  1  eV 
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tratioii.  Treatment  at  .300°C  in  vacuum  reduces  the  surface  oxygen  content  on  both 
fibers.  Previous  work  1 1  -3|  has  shown  tlie  evolution  of  carbon  monoxide,  carbon  di¬ 
oxide  and  water  from  these  surfaces  at  temperatures  well  below  .300^ C.  Likewise  es¬ 
timation  of  surface  energetic  heterogeneities  from  krypton  adsorption  isotherms  in¬ 
dicates  the  same  level  of  surface  heterogeneity  as  oxygen  content  determined  by 
XPS  (i.e.  1  -A'fr.  versus  3  4';; ),  see  ref.  [  I3|. 

i..?.  Polar/tJi.spersire  free  energy  analysis 

The  results  of  gravimetric  determinations  of  contact  angles  on  these  graphite  fi¬ 
bers  are  listed  in  table  3.  The  value  of  0  listed  is  calculated  from  eq.  (6)  and  is  the 
average  for  all  determinations  on  each  type  of  fiber  with  the  indicated  liquid.  In 
general,  the  contact  angle  increases  with  increasing  surface  tension  of  the  contacting 
liquid  and  decreases  with  surface  treatment  for  each  fiber  type. 

Plots  were  made  according  to  eq.  (.5).  Some  typical  plots  are  shown  in  fig.  7.  A 
best  fit  '.traight  line  is  determined  for  each  data  set  using  linear  regression  analysis 
and  the  slope  and  intercept  are  used  to  delerniine  the  7^,  75  .  and  75  for  fach  fiber 
and  treatment.  The  results  are  shown  in  table  4. 

Comparing  values  of  the  total  surface  free  energy  75  for  the  fibers  and  surface 
treatments  studied  leads  to  trends  similar  to  those  observed  with  the  XPS  surface 
analysis.  That  is,  surface  treatments  increase  the  total  surface  free  energy  7J  over 
the  same  fiber  that  has  been  untreated  for  both  the  A  and  HM  fibers. 

Inspection  of  the  polar  (73)  and  dispersive  (75  )  components  of  the  surface  free 
energy  indicates  that  the  dispersive  portion  remains  unchanged  with  treatment  and 
that  all  of  the  change  in  7^  is  due  to  a  change  in  7’’  the  polar  component.  This  was 
observed  by  Kaelble  [41  for  three  similar  fibers. 


Fig.  7.  Typical  plots  of  ^  versus  for  AU,  AS,  HMU  and  HMS  fibers  in  the 

“as  received”  states  and  the  “best”  linear  regression  analysis  line  through  those  points. 
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Table  4 

Polar,  dispersive  and  total  surface  free  energy  of  graphite  fiber  surfaces 


libers 

Surface  free  energy 

7y(niJ/m^) 

7s 

(niJ/m^ 

“as  received" 

At' 

23.6  > 

2.6 

27.4  1  0.3 

51.0  <  2.6 

AS 

30.0  • 

1.7 

26.4  t  0.1 

56.4  t  1.7 

.311(1’ ('  V.T, 

At' 

24.1  • 

1.4 

26.3  t  1.1 

50.4  t  1.4 

AS 

2b. 8  • 

1.4 

26.0  1  12 

52.8  ±  1.4 

750  (  V  i.  +  llj 

AS 

12.3  J 

1.5 

32.3  i  1.5 

44.6  t  1.5 

"av  ii  ceivcd" 

IIMH 

8.1  1 

3.0 

33.0  .r  1.2 

41.1  t  3.0 

II  MS 

20.7  t 

4.0 

28.2  t  0.3 

48.9  t  4.0 

.tone  VM. 

HMf 

7.4  1 

0.9 

32.0  i  0.9 

39.4  ♦  0.9 

IIMS 

1 2.8 

1.7 

30.2  1  0.4 

43.0  i  1.7 

i.4.  Kelaiionshif  between  XPS  and  surface  energetics 

Surface  treatiiieiits  that  increase  the  surface  oxygen  content  as  determined  by 
XP.S  also  increase  the  polarity  of  the  surface  as  detected  by  contact  angle  measure¬ 
ments.  Specifically,  for  the  A  fiber  in  the  “as  received”  slate,  the  XPS  oxygen  con¬ 
tent  increased  from  ‘Pa  to  20';f  with  surface  treatment  and  surface  energetic  analysis 
indicates  an  increase  in  of  from  24  to  30  mJ/rn^  for  the  same  fibers.  XPS  of  the 
HM  “as  received"  fiber  showed  an  oxygen  increase  of  59f  lo97r  with  surface  treat¬ 
ment  and  surface  energetic  analysis  indicates  an  increase  in  75  of  from  8  to  21 
111*. 

The  lack  of  proportionality  between  increases  in  polarity  with  increases  in  sur¬ 
face  species  is  not  unexpected  if  one  takes  into  account  the  nature  of  the  fiber  sur- 
lace  and  the  type  of  measurements  conducted.  The  corners  and  edges  of  graphitic- 
cry  siallites  arc  sites  for  oxidative  attack  114|.  Although  the  crystallite  si/,e  increases 
with  graphitizalion  temperature  (i.e.  70  K  versus  40  A)  there  are  less  exposed  cor¬ 
ners  and  edges  on  the  HM  fiber  because  of  the  better  circular  alignment.  Therefore, 
a  small  increase  in  surface  oxygen  would  be  dispersed  over  a  large  area  of  the  fiber 
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surface  aiui  wimUl  no  expected  lo  have  a  laijie  etteet.  WlK-u-astin  die  A  Itl'eis  a  Kli- 
tu^nal  oxygen  species  iiimlit  l>e  locaieil  neai  ilie  species  alre.idv  picM-ni  and  coii'  - 
ipienlly  tlicir  eUeci  per  addiUona)  au.m  on  a  n>acia»siopK  uk  jsio  uaiu  Id  c  con 
tact  angles  would  deciease  wiih  incieasing  surface  poptdauon 

rite  .UlO  (  V.  1 .  suilace  rtiiirchi  icMiHs  ;ils<i  11111101111  li.  k-siiIi  .!■'  uiii  .l  I", 
Xl’S.  I  Ik'  7^  loi  AS  IS  slipliiiy  greater  lhai)  101  Al '  lioaiiHi  siiiiilailv  hm  hi  hi  !  Ii  ^asi.  '. 
less  tiian  cilhei  liher  iti  the  “as  u-Leiveir  Slalc.  I  ho  IlMli  ami  IIMS  i.ilii.-,  ut  .m 
rediiood  alloi  HlU  (.'VI.  also,  llio  AS  lihor  lioaiod  al  /.'()'(  willi  li'.dioron  di. 
plays  a  laijie  doorcaso  ( dO  10  1 .!  di.I/iii-’  )  wIiIi  a  icd  110 lion  in  siirl  joc  ov,  oui  o|  r 
I  o  .s' . 

I  he  lolalionship  holwoon  iho  polai  ooinponeiil  ol  Iho  siiilaio  Iioo  enoios  7I’  .iml 
Iho  surl.n.0  Ooniposilion  is  icprosonicd  jiiaphitally  in  lig.  S.  Iloio  iho  polat  oonipo- 
noiil  01  the  suili'oe  1100  ononis  is  ploliod  as  ordiiiaio  voisiis  aioiiik  poiooni  siiriaoo 
ow  e, on  as  iiioasuiod  hy  Xl’S  as  ahsoissa.  ronilson  Ihogiaph  aio  hn  iho  lihoi  siiiI.kos 
Mioasiiiod  based  on  iho  dala  in  lahlos  1  and  4.  Iho  soiiical  ami  iioii/oiilai  ii.iisoii 
eaoh  poinl  lopiosonl  llio  osiiiiiaiod  oion  assooiaiod  wiih  oaili  ino.iMiionionl 

II  is  obvious  liuin  iho  dala  llial  llioio  is  a  dolniilo  lolalionsliip  noluoon  llio  pol.i; 
ooniponoiil  ol  Iho  sin  late  lieo  i.*nci}|y  and  Xl’S  inoasniod  suiluoo  ossooii  oonloiil, 
A  hhihoi  7I,  Is  assooiaiod  wilh  a  Un>o(  \ioiooul  ovyjion.  (  the  soui)\Uy.iiio,)' oiu  ,is 
nmlooulai  slalos  ol  oaoh  spooios  i.o.  nilio^on  oaihoii  coniplosos,  Mi.lnini  oss.oii 
species,  olc  .  caniioi  no  cvahialod  al  this  liino  hocaiiso  ol  iho  nisi  1  .nnonlal  Iiinil  i- 
lions.  I  1  lowosoi .  alloinpis  ai  dcioinhniiii;  ds  I'H's'lion  ol  sm  I  jso  mi  os  ss  mild  has  o 
an  otioci  om1>  on  llio  AS  and  AU  poinis  las  locoisod  and  .UKi  (  V,l  )  ami  soiuld  lio 
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r  ig.  8.  Plot  of  the  polar  coinponcni  of  graphite  fif»er  surface  free  energy  vi  isus  XPS  deier- 
mined  oxygen  oimcrit  for  all  eraphite  fibers  and  trea’nients  studied. 
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t  Id  sliilt  tlioiii  toward  the  oidiiiate  but  would  not  be  expected  to  alter  the 

goucul  observed  coirespoiidence  belwceii  these  two  parameters. 

It  is  also  .rhvious  tliat  a  iiieasurenient  obtained  in  high  vacuum  (Xj’S)  is  relatabic 
to  an  ail  detonuincrl  measurement  (75).  This  attests  to  tlte  efficiency  of  species  ad- 
rlcd  during  sui  lace  treatment  for  promoting  adhesion  even  though  these  surfaces  are 
exposed  to  be  ambient  air  environment  before  fabrication  into  a  composite. 


4  Conclusions 

Smface  treatments  of  graphite  fibers  which  promote  belter  fiber  matrix  adhe¬ 
sion  result  piiinarilv  in  an  increase  in  surface  oxygen  concentration  as  measured  by 
Xl'S  and  an  increase  in  the  total  surface  free  energy  of  the  graphite  fiber  surface  as 
determined  In  contact  angle  measurement.  The  change  in  the  total  surface  free 
energv  comes  aboul  primarily  through  an  increase  in  the  polar  component  of  the  fi- 
bei  sill  lace  free  eneig> .  Conscriuently  fibei  surface  treatments  which  oxygenate  the 
suilacc  .lie  clfccliec  in  [ironiotnig  increased  adhesion  by  increasing  surface  polarity 
as  ssc'll  as  h\  incieasing  the  surface  concentration  of  oxygen. 

I  he  added  surlace  groups  letain  theii  polar  character  after  exposure  to  the  envi- 
oimneiit.  defimie  lelalionship  between  vacuum  measured  surface  groups  and  alt 
measuied  inacio  contact  angles  exists  for  all  of  the  fibers  and  surface  treatments 
measiiied. 
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